This paper studies the price-setting problem of a monopoly that in each time period has the option of failing to deliver its good after receiving payment. The monopoly may be induced to deliver the good if consumers expect that the monopoly will not deliver in the future if it does not deliver today. If the good is nondurable and consumers are anonymous, the monopoly's optimal strategy is to set a price equal to the static monopoly price each period if the discount factor is high enough, and otherwise to set the lowest price at which it can credibly promise to deliver the good. If the good is durable, we derive an intuitive lower bound on the monopoly's optimal profit for any discount factor and show that it converges to the optimal static monopoly profit as the discount factor converges to 1, in contrast to the Coase conjecture. We also show that rationing the good is never optimal for the monopoly if there is an efficient resale market and that the best equilibrium in which the monopoly always delivers involves a strictly decreasing price path that asymptotes to a level strictly above the ratio of the monopoly's marginal cost to the discount factor.
Introduction
The possibility of trade is often threatened by the possibility of opportunism. For example, a consumer who purchases a good from an online retailer must trust that the good will actually be delivered-as taking legal action in the case of nondelivery would be very costly-and must also believe that the retailer is not about to cut its price dramatically. Fortunately, long term incentives can mitigate the risk of opportunistic behavior: in the above example, the retailer may both deliver the good and keep prices high to preserve its standing with its consumers, even if it has no fear of the legal consequences of nondelivery. In particular, either failing to deliver the good or cutting prices may lead consumers to believe that the firm will not deliver the good in the future, as either of these actions could be interpreted as an indication that the firm is trying to When the good is durable, the structure of any equilibrium in which the seller delivers the good is complicated: sales must continue forever, since the seller would never deliver the good to the last consumer, and the price path must fall slowly enough that consumers do not always wait for lower prices but quickly enough that sales do not occur so rapidly that the seller gives in to her temptation to fail to deliver. Indeed, with a general distribution of consumer valuations, it is very difficult to construct any equilibria in which the seller always delivers the good. 7 We, therefore, take an indirect approach to analyzing this model by first considering an auxiliary model where the seller has the ability to set a maximum sales quantity each period in addition to the price, thereby rationing the good. Our main result in this model with rationing, which we see as being of some independent interest, is that using rationing is never optimal for the seller. We then show that the seller's optimal profit in the original model must exceed her profit in any equilibrium involving rationing.
This observation allows us to derive a lower bound on the seller's profit in the original model-where constructing equilibria is very difficult-by constructing simple equilibria in the model with rationing. In particular, we construct equilibria in which price is constant over time but quantity sold every period is restricted via rationing. These quantity restrictions lead to positive residual demand, which gives the seller a reason to deliver the good. We show that a patient seller can approximate her static optimal profit level by setting price equal to the static monopoly price every period and selling to those consumers who are willing to buy at this price at a constant rate. Furthermore, for any discount factor δ, the seller's optimal profit is at least as high as the static monopoly profit of a seller with cost of delivering the good equal to c/δ, where c is the cost of delivering the good in the dynamic model, as this is precisely the profit level that can be attained by setting the price equal to the static monopoly price of a seller with cost c/δ and then selling (at cost c) at the fastest rate at which the seller is willing to deliver in the dynamic model. We also use the relationship between our model and the model with rationing to show that the best equilibria for the seller, in which she delivers the good to all consumers who purchase, involve a strictly declining price path that asymptotes to a price no lower than c/δ.
We proceed as follows: Section 2 relates this paper to the literatures on the Coase conjecture, strategic rationing, and relational contracting. Section 3 introduces our general model of both durable-and nondurable-goods monopoly with relational incentives. Section 4 analyzes the model in the simpler case of a nondurable-goods monopoly. It is included both for completeness and because of connections between it and the subsequent analysis of the durable-goods model. Section 5 introduces the model with a durable-goods monopoly, as well as the model with rationing, and studies the connection between the two, ultimately showing that the best equilibrium without on-path nondelivery for the seller in the model without rationing yields profit at least as high as that in any equilibrium without on-path nondelivery in the model with rationing. Building off this insight, Section 6 presents our main results on the durable-goods model: profits are bounded from below by those of a static monopoly with cost c/δ, and the best equilibrium price path along which the seller always delivers strictly declines over time and asymptotes to at least c/δ. Section 7 extends our analysis to a setting in which the seller is sometimes (exogenously) unable to deliver the good, where our assumption that the seller has the option of nondelivery seems particularly appropriate. Section 8 concludes and discusses some applications and empirical predictions of our model. Several proofs are deferred to Appendix A, and Appendix B discusses equilibria in which the seller does not always deliver the good along the equilibrium path.
Relation to the literature
As indicated above, our results stand in stark contrast to the Coase conjecture (Coase 1972) , which was formalized and explored by Stokey (1982) , Bulow (1982) , Fudenberg et al. (1985) , and Gul et al. (1986) . 8, 9 Our model would coincide with the standard "no-commitment" durable-goods monopoly model if the seller, while still lacking commitment power over prices, was committed to delivering the good to all consumers who purchase. In this sense, our model has less commitment than this standard nocommitment case, although of course the reason the seller does better in our model is not that it has less commitment power, but rather that committing to delivering the good to all consumers who purchase may not be wise, as after making such a commitment, the seller is tempted to cut prices.
The literature on the Coase conjecture draws a sharp distinction between the "gap case" in which the lowest consumer valuation is strictly greater than the seller's marginal cost and the alternative "no-gap case." In the gap case, Fudenberg et al. (1985) and Gul et al. (1986) show that there is generically a unique perfect Bayesian equilibrium, which is Markovian and satisfies the Coase conjecture. In the no-gap case, a seminal paper by Ausubel and Deneckere (1989) constructs non-Markovian equilibria that yield static monopoly profits as the discount factor approaches 1. The reason for the difference between the cases is that in the gap case, the seller is always tempted to cut prices to the lowest consumer valuation, which allows the problem to be solved by backward induction, while in the no-gap case, the possibility that the price may fall to marginal cost very quickly if the seller deviates from a prescribed price path allows the seller to 8 Some of the many influential papers in the subsequent literature, in addition to those discussed in the text, are Ausubel and Deneckere (1987) and Gul (1987) on durable-goods oligopoly; Sobel (1991) on the entry of new consumers; Bagnoli et al. (1989) on finite populations; Bond and Samuelson (1987) , Karp (1996) , and Deneckere and Liang (2008) on depreciation; Kahn (1986) and McAfee and Wiseman (2008) on capacity constraints; Olsen (1992) on learning-by-doing in production; Cabral et al. (1999) and Mason (2000) on network externalities; Dudine et al. (2006) on storable goods; Deneckere and Liang (2006) and Hörner and Vieille (2009) on interdependent values; Biehl (2001) on changing consumer valuations; and Board (2008) on time-varying demand. There is also a large literature on durable-goods monopoly with bilateral offers, the early part of which is surveyed in Section 10.4 of Fudenberg and Tirole (1991) . 9 In traditional Coase conjecture papers, like Fudenberg et al. (1985) , Gul et al. (1986) , and Ausubel and Deneckere (1989) , the model may be interpreted as a monopoly selling to either a continuum of consumers with a known distribution of valuations or to a single consumer with unknown valuation. In the current paper, only the first interpretation is applicable, as in the single-buyer case, the monopoly would never deliver the good after the buyer purchased, so there would be no equilibrium in which trade occurs.
maintain high prices in equilibrium. This distinction between the gap and no-gap cases does not arise in our model, since in our model the off-path expectation that prevents the seller from cutting prices is that the seller will not deliver the good, not that the seller will rapidly cut prices. Our analysis of durable-goods monopoly does more than show that the possibility of nondelivery allows Ausubel and Deneckere-style equilibria to be constructed in the gap case; however, as indicated above, we also provide a natural lower bound on seller payoffs for a fixed discount factor δ and prove that, for any δ, the best equilibrium for the seller in which there is no nondelivery has declining prices converging to a price no lower than c/δ. Results for fixed δ and characterizations of optimal equilibria are rare in the durable-goods monopoly literature. For example, for δ bounded away from 1, none of the early papers on the Coase conjecture cited above contains results about optimal seller profits or the asymptotic behavior of the optimal price path. Because our approach relies on comparing our model to an auxiliary model in which the seller is able to ration the good, our paper connects to the literature on strategic rationing. One lesson from this literature is that rationing in the absence of an efficient resale market, i.e., when the highest-valuation consumers do not always receive the good when there is a shortage, can help the seller both when she can commit to a price path (Van Cayseele 1991) and when she cannot (Denicolò and Garella 1999) . Both Van Cayseele and Denicolò and Garella consider short finite horizons and state that rationing in the presence of an efficient resale market is never optimal. As part of our analysis of the durable-goods model, we show that this result holds in an infinite-horizon setting. 10 Our focus is very different from that of Van Cayseele and Denicolò and Garella, as they are interested primarily in cases where allowing rationing can increase profits, while we are interested precisely in cases where allowing rationing cannot increase profits, so that we can use the model with rationing to derive results about the model without rationing.
Finally, our paper is related to the literature on relational contracting, particularly that part of the relational contracting literature that studies durable goods with hidden quality, which originated with the famous papers of Klein and Leffler (1981) and Shapiro (1982 Shapiro ( , 1983 . 11 While traditional models of durable-goods monopoly can be thought of as "relational," in that they study the effect of dynamic incentives on a seller's decision to cut prices, we go further and assume that dynamic incentives also govern the seller's decision to deliver the good. Thus, the difference between our model and the existing literature on the dynamic seller is that we move a decision-delivery-from formal to relational enforcement. Also, the equilibria we construct induce cooperation through the Nash threat of breaking off trade, as in many relational contracting models (e.g., Bull 1987 , Levin 2003 . Indeed, a key difference between our model and traditional models of dynamic monopoly is that our model admits a Nash equilibrium in which the seller receives her minmax value. 10 The relevant result (Proposition 4) assumes that the seller has the option of failing to deliver the good, but the proof shows that the result continues to hold when the seller does not have this option.
11 For an up-to-date survey of this rapidly expanding literature, see Malcomson (forthcoming) . For a recent contribution with some similarities to the current paper, see Masten and Kosová (2009) .
Model
Throughout, we consider a seller who can provide a good at marginal cost c > 0 facing a continuum of consumers of mass 1 with valuations (per period in the case of nondurables; net present value in the case of durables) v ∼ F(v) with bounded support [v v] with v ≥ 0, v > c, and F continuously differentiable with strictly positive density f . There is a continuum of consumers with each valuation in [v v] , so that if a random fraction x of consumers receive the good in some period, then that fraction x of consumers with every valuation receive the good. We do not make any assumptions as to whether v is greater than or less than c, i.e., as to whether we are in the gap or no-gap case. Let p m be the static monopoly price of a seller facing consumers with valuations v ∼ F(v) and marginal cost c. The traditional no-commitment model of dynamic monopoly is the following infinitely repeated game:
1. At time t ∈ {0 1 }, the seller chooses a menu of price-delivery probability pairs {(p t n x t n )} n .
2. Every consumer either selects a price-delivery probability pair (p t n x t n ) ∈ {(p t n x t n )} n or rejects. Consumers who select (p t n x t n ) pay p t n and receive the good with probability x t n . The seller gets payoff p t n − c from each consumer who pays p t n and receives the good, and gets p t n from each consumer who pays p t n and does not receive the good. A consumer with valuation v who pays p t n gets payoff v − p t n if he receives the good and gets payoff −p t n if he does not receive the good.
3. Repeat 1 and 2, discounting by (common) discount factor δ.
In our model, the seller has the option of nondelivery. The game becomes the following:
1. At time t ∈ {0 1 }, the seller chooses a menu of prices {p t n } n .
2. Every consumer either selects a price p t n ∈ {p t n } n or rejects. Consumers who select p t n pay p t n . Let Q t n be the mass of consumers who pay p t n .
3. For each p t n , the seller chooses what fraction x t n ∈ [0 1] of those Q t n consumers who pay p t n receive the good. Each consumer who pays p t n receives the good with probability x t n . Payoffs are as above.
4. Repeat 1 and 3, discounting by δ.
We assume that players use strategies that depend on consumers' decisions at time t only through Q t n . This entails assuming that the seller does not condition her strategy on play by measure-zero sets of consumers, as is standard in the durable-goods monopoly literature, as well as that consumers are anonymous. 12 In particular, the seller cannot discriminate among consumers on the basis of their past play in either her pricing or delivery decisions.
Crucially, we assume that all decisions of the seller are publicly observed. Formally, let the history h t at the start of period t be
Each of the seller's (pure) strategies is a pair of maps from histories h t to {p t n }, where p t n ∈ [0 ∞) for all t, n, and from histories (h t {p t n } {Q t n }) to x t n ∈ [0 1] for all Q t n , while a consumer's (pure) strategy is a map from histories (h t {p t n }) to {{p t n } ∅}, corresponding to accepting a price p t n or rejecting. Note that, for any strategy profile, changing the strategy of a single consumer does not affect the probability distribution over histories h t for any t; that is, a deviation by a single consumer does not affect the path of play. Throughout, our solution concept is pure strategy perfect Bayesian equilibrium, which we simply abbreviate PBE. Of course, the assumption that the seller uses a pure strategy does not imply that she chooses x t n ∈ {0 1}, but rather than she does not randomize over different choices of {p t n } or {x t n }. We have not explored whether mixed strategy equilibria can differ substantially from pure strategy equilibria; however, our main results that the seller can earn high profits in equilibrium can only be strengthened by considering mixed strategy equilibria.
We observe immediately that in either the nondurable-or the durable-goods version of our model there is a Nash equilibrium in which consumers reject all price offers and the seller sets x t n = 0 for all t, n. The threat of reversion to this equilibrium following any deviation may induce the seller to conform to a prescribed price path as well as to deliver the good to those consumers who purchase. No such Nash equilibrium exists in the traditional no-commitment model.
We make frequent use of the following definition.
Definition 1. A PBE is optimal if there is no other PBE that yields strictly higher payoff for the seller.
Finally, we briefly note an alternative interpretation of our model in terms of product quality. Suppose that the seller is (for whatever reason) contractually obligated to deliver at least a low-quality good (at cost normalized to zero) to any consumer who purchases and is able to deliver a high-quality good at additional cost c, and that quality is noncontractable. If every consumer has valuation zero for the low-quality good, our model is unchanged, with "low-quality delivery" substituted for "nondelivery." This interpretation depends on every consumer having valuation zero for the low-quality good, and thus may be most attractive when quality is extremely difficult to verify. For example, the good may be a complicated, high-tech upgrade of an existing piece of hardware or software that has no value at all for consumers if it is not superior to the original product and that outside observers are unable to verify whether the upgrade is, in fact, better than the original. 13 
Nondurable-goods monopoly
In this section, each consumer demands one unit of the good each period, and v is a consumer's per-period valuation. We also assume, for this section only, that v − (1 − F(v))/f (v) is weakly increasing, so that in the static monopoly allocation, every consumer with positive virtual surplus receives the good. 14 Our main result in this section is that, in the optimal equilibrium, 15 the seller sets the (single) price equal to the static monopoly price if she is sufficiently patient, and otherwise sets the lowest price at which she is willing to deliver the good. The intuition is that the seller's incentive to fail to deliver the good is increasing in quantity, so if the seller is impatient, she must restrict quantity to credibly commit to delivery, and the most profitable way to do this is to increase price. In particular, the seller sets p = max{p m c/δ} every period. To see why c/δ is the lowest price at which the seller is willing to deliver the good, let D(p) ≡ 1 − F(p) be demand at price p, and note that in every period the seller gains cD(p) from failing to deliver and gains (δ/(1 − δ))(p − c)D(p) from delivering. The latter is weakly greater than the former if and only if p ≥ c/δ. The idea of the proof is to first note that the seller can in effect commit to any price path, since deviations in price-setting may lead consumers to believe that the seller will not deliver the good and thus lead to zero sales. Next observe that the best dynamic sales mechanism for the seller is stationary, as increasing one period's profits also relaxes the seller's incentive compatibility (willingness to deliver) constraints from earlier periods. Finally, use standard static mechanism techniques to characterize the optimal stationary mechanism that is incentive compatible for the seller. The proof is deferred to Appendix A. 13 Our results do not apply if consumers have positive valuations for the low-quality good, since in this case the model need not have a Nash equilibrium that yields zero profit. However, two recent papers illustrate interesting phenomena that may occur in such settings. Inderst (2008) shows that a durable-goods monopoly that sells low-and high-quality goods may serve the entire market in the first period, selling the low-quality good to low-valuation consumers as a means of committing itself not to subsequently offer the high-quality good at a lower price. Hahn (2006) shows that this logic may provide an incentive for a durablegoods monopoly to introduce a damaged version of its good and argues that this often has negative welfare consequences.
14 This assumption is for technical convenience only. 15 The proof of Proposition 1 shows existence and uniqueness of an optimal equilibrium.
Recall that we have assumed that buyers are anonymous. Nonetheless, it is not hard to construct equilibria that yield static monopoly profits even if buyers are nonanonymous, provided that δ ≥ c/p m . For example, let the seller set p = p m in every period, and deliver the good if and only if she has both always delivered the good to all consumers who have purchased and set p = p m in the past, and let each consumer purchase the good every period if and only if her valuation exceeds p m and the seller has always delivered the good to all consumers who have purchased and has always set p = p m . In every period, the seller gains cD(p m ) from failing to deliver and gains (δ/(1 − δ))(p m − c)D(p m ) from delivering, so the seller will deliver if δ ≥ c/p m . This result differs dramatically from the classic analysis of nondurable-goods monopoly with nonanonymous consumers provided by Hart and Tirole (1988) . Hart and Tirole show that, in a finite-horizon model with nondurable goods and nonanonymous consumers, equilibrium is governed by the ratchet effect: in every PBE, if v > c, then p t = v for all but the last few periods. Technically, the difference between our result and theirs comes from the fact that the stage game in our model has a bad Nash equilibrium (reject any offer, never deliver), which can be used as an off-equilibrium threat to prevent the seller from using information revealed early on against high-valuation buyers. 16 The key economic point is that the usual repeated game trade-off between a short term gain from cheating and a long term gain from cooperation on the part of the seller is absent in the Hart-Tirole model: in their model, the seller is free to "cheat" by raising the price she charges to buyers that reveal themselves to have high valuations, but buyers cannot credibly retaliate by refusing to buy at the higher price. In our model, the option of the seller to fail to deliver the good lets the buyer credibly punish the seller for raising the price, allowing the seller to commit to keeping the price constant. Alternatively, we must now keep track of the seller's incentive to deliver the good. If δ ≥ c/p m , this incentive constraint is slack, so the seller can attain her full-commitment optimum.
5. Durable-goods monopoly and rationing
Preliminaries
For the remainder of the paper, each consumer demands only one unit of the (durable) good, and v is a consumer's net present value of receiving the good. In the traditional model of this situation (see Section 3), Fudenberg et al. (1985) and Gul et al. (1986) show that the Coase conjecture applies if the lowest valuation v is greater than c: for generic parameters, there is a unique PBE, and as δ goes to 1, the seller's profit goes to v − c and the price drops to v very quickly.
Our main result implies that the Coase conjecture does not apply to this model when the seller has the option of nondelivery (see Section 3), which we call the relational contracting model or . Much of our analysis focuses on a particular class of PBE, which we call full-delivery PBE. A full-delivery PBE is a PBE in which the seller sets x t n = 1 for all n at all histories on the equilibrium path. It is important to note that the seller may set x t n < 1 off the equilibrium path in a full-delivery PBE. A full-delivery PBE is a best full-delivery PBE if there is no other full-delivery PBE that yields strictly higher payoff for the seller-we use the word "optimal" for the best PBE overall and "best" for the best full-delivery PBE to help avoid confusion. Note that on the equilibrium path of a full-delivery PBE there is no reason for the seller to offer a menu of prices, as each consumer will either accept the lowest offered price or reject, so we simplify notation by writing p t for the lowest price offered by the seller at time t on the equilibrium path. Furthermore, a consumer who pays p t always receives the good at time t; we say that a consumer who pays p t at time t on the equilibrium path of a full-delivery PBE purchases the good at time t. Since we have restricted attention to pure strategy equilibria, every consumer purchases at exactly one time in every full-delivery PBE, with the convention that a consumer who never receives the good purchases at t = ∞.
Clearly, an optimal PBE of the relational contracting model can yield no higher payoff to the seller than an optimal PBE of the full-commitment model in which the requirement that the seller's strategy is sequentially rational is relaxed, and it follows from standard results that an optimal PBE of this full-commitment model yields profits equal to optimal static monopoly profits. Our main result is the following theorem, which implies that the Coase conjecture does not hold in this game regardless of the relationship between v and c, and also provides a lower bound on the seller's profit for any fixed δ.
Theorem 1. In the relational contracting model, the following statements hold. (i) An optimal PBE exists.
(ii) A best full-delivery PBE exists. Sections 5 and 6 were devoted to establishing Theorem 1: parts (i) and (ii) are proved in this section (in Propositions 2 and 5) and parts (iii)-(vii) are proved in Section 6 (in Propositions 6-9). We therefore take a moment to motivate devoting so much attention to full-delivery PBE. Full-delivery PBE are those equilibria in which on-path delivery is as in both the full-commitment model (in which the seller commits to both a price path (p) t and a delivery path (x) t ) and the traditional no-commitment model described in Section 3, which makes them a natural class of equilibria to study. Indeed, on-path nondelivery-the equivalent of the seller selling lottery tickets that entitle consumers to receive the good with some probability less than 1-may be unappealing in some settings, for example, if consumers can tell whether the seller has failed to deliver the good to anyone but not whether the seller has delivered to some exact fraction of consumers. Furthermore, Theorem 1 implies that the profit lost by the seller in a best full-delivery PBE as opposed to an optimal PBE is bounded from above by the difference between static monopoly profit when cost equals c and when cost equals c/δ, which is small for δ close to 1. Nonetheless, we conjecture that, in general, the optimal PBE is not full delivery, for reasons we discuss in Appendix B. Appendix B proves the analogues of parts (iii) and (iv) of Theorem 1 for non-full-delivery equilibria directly, i.e., without relying on the connection between the relational contracting model and the related model with rationing introduced below. The approach of Appendix B also has the advantage of explicitly constructing equilibria in the relational contracting model, while the approach taken in the body of the paper is nonconstructive. Thus, there are at least two very different kinds of PBE that yield high seller profits: full-delivery PBE with declining price paths, whose existence is proven nonconstructively in the text, and non-full-delivery equilibria with constant price paths, which are constructed in Appendix B.
We adopt a novel approach to proving Theorem 1. We first introduce the following variant of the relational contracting model, in which the seller can artificially restrict the quantity of the good supplied each period.
1. The seller chooses a price p t and a maximum quantity to supply q t ∈ [0 1]. 17 2. Every consumer chooses whether or not to accept p t . If less than q t consumers accept, all consumers who accept pay p t . Otherwise, the q t consumer with the highest valuation among those who accept pay p t . Formally, a consumer with valuation v who accepts pays if and only if the mass of consumers with valuation strictly greater than v who accept is strictly less than q t .
are defined as in . The main reason we introduce R is that full-delivery equilibria in R may have flat price paths, while every full-delivery equilibrium in must involve price cuts, as otherwise there would be no way to delay sales and thereby induce delivery. 19 Full-delivery equilibria with flat price paths are easy to analyze, as consumers' incentives in such equilibria are trivial: if the price is fixed at p in a full-delivery equilibrium, a consumer with valuation v ≥ p wants to purchase as soon as possible, while a consumer with v < p will never purchase. We will show that full-delivery equilibria with flat price paths exist in R that approximate static monopoly profits for high δ. Furthermore, we will show that a price-quantity path (p Q) t is a best full-delivery PBE price-quantity path in if and only if it is a best full-delivery PBE price-quantity path in R (Corollary 1 in Section 5.4). Therefore, the best full-delivery PBE profit attainable by the seller is the same in and R , so the above observation that simple full-delivery PBE exist in R in which profits approximate static optimal profits immediately yields part (iii) of Theorem 1, even though no such simple full-delivery PBE exist in . The proofs of parts (ii) and (iv)- (vii) of Theorem 1 also rely on Corollary 1, as we will see; thus, Corollary 1 is the key to our approach to proving Theorem 1. To summarize the above roadmap, Sections 5 and 6 establish the chain of inequalities optimal PBE profit in ≥ best full-delivery PBE profit in (by Definition 1)
> best full-delivery, constant-price PBE profit in R (by Proposition 7)
= static monopoly profit with cost c/δ (by Corollary 2).
Before beginning our analysis of R , we first prove part (i) of Theorem 1 directly. The proof proceeds by first showing that the seller's profit is continuous in price-delivery paths (p x) t and then showing that any price-delivery path can be supported in PBE by endowing consumers with the belief that the seller will never deliver the good if she ever deviates from her prescribed price-delivery path. The details are deferred to Appendix A.
Proposition 2 (Theorem 1(i)). An optimal PBE exists in .
Existence of best full-delivery PBE in the model with rationing
We now begin our analysis of the full-delivery PBE of and R , and the relationship between them. The goal of this subsection is to show that a best full-delivery PBE exists in R . We start with a definition.
only for technical convenience and simplifies the proof of Lemma 3. The second assumption is substantive, as Van Cayseele (1991) shows that under full commitment a monopoly can achieve profits above static monopoly profits by using "inefficient" rationing. The second assumption is descriptive in the presence of a frictionless resale market. Alternatively, one could view the model with rationing entirely as a technical aid in analyzing the model without rationing.
19 Our results about R , especially Proposition 4, may also be of independent value to readers interested in strategic rationing.
Definition 2. Given a price path (p) t , a valuation v is generic with respect to (p) t if
That is, a valuation v is generic with respect to (p) t if a consumer with valuation v is not indifferent between purchasing at any two times t and t when prices are given by (p) t . For any price path (p) t , there are only countably many valuations that are nongeneric with respect to (p) t , so the assumption that F admits a strictly positive density immediately yields the following observation. We now present a series of lemmas that are needed to prove existence of a best fulldelivery PBE in R . The longer proofs are deferred to Appendix A.
Lemma 2 simply states that any two consumers with the same valuation receive the same payoff in any PBE, and consumers with higher valuations receive higher payoffs.
Lemma 2. In any PBE of or R , any two consumers with the same valuation, v, receive the same PBE payoff,
Proof. The first part follows because at any PBE, a consumer with valuation v can deviate to the strategy of another consumer with valuation v and receive the same payoff as him, because the actions of a single consumer do not affect the path of play (in either or R ). The second part follows because at any PBE, a consumer with valuation v ≥ v can deviate to the strategy of a consumer with valuation v and receive a weakly higher payoff than him (in R , this relies on the fact that a consumer with higher valuation can purchase whenever a consumer with lower valuation can do so), again because the actions of a single consumer do not affect the path of play.
The next two lemmas show that, across all full-delivery PBE, the price-rationing path (p q) t uniquely determines the quantity path (Q) t . Lemma 3 is not trivial because the set of times at which a consumer is able to purchase under price-rationing path (p q) t depends on the times at which higher-valuation consumers are purchasing. The intuition for the result is that if a consumer with valuation v cannot purchase at the same set of times under two PBE, then there must be a nontrivial mass of higher-valuation consumers who cannot purchase at the same set of times under the two PBE either, because otherwise almost all higher-valuation consumers would purchase at the same times under both PBE and the original consumer would not have been "rationed out" of purchasing at his preferred time. Therefore, there can be no valuation v that is approximately the highest valuation that gets rationed out, which implies that no valuation can be rationed out.
Lemma 3. Given a price-rationing path (p q) t in R and a valuation v that is generic with respect to (p) t , there exists a time τ v such that every consumer with valuation v purchases at τ v in any full-delivery PBE in R with price-rationing path (p q) t .
Combining Lemma 1 and Lemma 3 immediately yields the following lemma.
Lemma 4. Given price-rationing path (p q) t , every full-delivery PBE in R with pricerationing path (p q) t has the same quantity path (Q) t .
In fact, this quantity path (Q) t can be viewed as a continuous function of the pricerationing path (p q) t .
Lemma 5. The unique quantity path (Q) t that may occur in a full-delivery PBE in R with price-rationing path (p q) t is continuous in (p q) t in the product topology.
We now show that a best full-delivery PBE exists in the model with rationing (Proposition 3). This holds because the set of full-delivery PBE price-rationing-quantity paths can be shown to be compact in the product topology 20 and the seller's profit is continuous in price-rationing-quantity paths. It is straightforward to show that the set of full-delivery PBE price-rationing paths is compact: the seller can be induced to set any price-rationing path if consumers believe that she will never deliver the good if she sets the wrong path, and the seller is willing to deliver Q units of the good if she is willing to deliver Q − ε for all small ε. The difficulty is showing that small changes in the pricerationing path induce small changes in the quantity path. This is taken care of by Lemmas 4 and 5, which are both proved in Appendix A.
Proposition 3. A best full-delivery PBE exists in R .
Proof. Let F be the set of full-delivery PBE price-rationing-quantity paths (p q Q) t in R satisfying p t ∈ [v v] for all t. Note that if a PBE is best in the set of PBE with pricerationing paths in F , then it is best overall, as any PBE with p t > v for some t yields no more profit than a PBE with an identical price-rationing path but with p t = v for all such t instead, and similarly for p t < v. Given a price-rationing-quantity path (p q Q) t , the associated profit for the seller is
which is obviously continuous in (p q Q) t in the product topology. We will show that F is compact in the product topology, and then apply Weierstrass' Theorem to complete the proof.
which is compact by Tychonoff's Theorem. Therefore, to show that F is compact in the product topology, it suffices to show that F is closed in the product topology. To see that it is, consider a sequence of paths {(p q Q) t } n ∈ F converging pointwise to (p * q * Q * ) t . We must show that there exists a full-delivery PBE with price-rationing-quantity path (p * q * Q * ) t . Consider the following strategy profile:
1. The seller sets price-rationing path (p * q * ) t and x t = 1 as long as she has conformed to this strategy in the past. Otherwise, she sets p t = v, q t = 1, and x t = 0 for all future periods. In particular, the seller sets x t = 0 in any period in which she has set p t = p * t .
A consumer with valuation v who
has not yet received the good at t accepts at t if and only if the seller has never deviated from her prescribed strategy and
To establish that this profile is a PBE, we first observe that if the seller ever sets p τ = p * τ , she receives zero continuation payoff. Since this is her minmax value, she cannot receive continuation payoff strictly less than this in any PBE; in particular, her on-path continuation value after τ along (p q Q) t n is weakly positive for every n, so by continuity of profits in (p q Q) t , we see that her on path continuation value after τ along (p * q * Q * ) t is also weakly positive. This implies that setting p τ = p * τ on path is not a profitable deviation. Similarly, the fact that setting x t = 1 is optimal on path along (p q Q) t n for all n implies that setting x t = 1 is optimal on path in this strategy profile, because the cost of delivery and on-path continuation values are continuous in (p q Q) t n , while the payoff of zero that results from deviating from the equilibrium path in this profile is at least as bad as the payoff from deviating in any PBE. Also, the seller's off-path play is optimal because off-path price-setting does not affect her payoffs and off-path delivery imposes a positive cost at no benefit.
We next check that each consumer's play is optimal. It is again obvious that his off-path play is optimal, as paying is costly and yields no benefit when the seller sets x t = 0. To see that his on-path play is optimal given (p * q * Q * ) t , note that accepting at t yields δ t (v − p * t ) if he pays (i.e., if he is allowed to purchase the good) and yields his continuation payoff otherwise, while rejecting always yields his continuation payoff and δ t (v − p * t ) is weakly greater than his continuation payoff if
Finally, we must check that the prescribed consumer behavior actually induces quantity path (Q * ) t . By Lemma 4, for any price-rationing path (p q) t , there is a unique quantity path (Q) t that occurs in a full-delivery PBE with price-rationing path (p q) t , and (Q) t is continuous in (p q) t by Lemma 5. Therefore, the fact that (p q) t n converges to (p * q * ) t implies that (Q) t n converges to (Q * ) t . Thus, there exists a full-delivery PBE with price-rationing-quantity path (p * q * Q * ) t .
We have shown that F is closed, and therefore compact, in the product topology. Weierstrass' Theorem now implies that there is a point in F that maximizes profits, which completes the proof.
Nonoptimality of rationing in the model with rationing
We now show that any best full-delivery PBE in R involves no rationing on the equilibrium path. This is the central step in showing equivalence of best full-delivery PBE in and R (Corollary 1), which is in turn our main tool in proving Theorem 1.
By Lemma 3, the path of play of a full-delivery PBE is given by a price-rationing path (p q) t , up to differences in the play of the measure-zero set of consumers with nongeneric valuations with respect to (p) t . Let us write D τ ((p q) t ) for the quantity demanded at time τ given price-rationing path (p q) t , i.e., the measure of consumers who would prefer to receive the good at time τ at price p τ than to receive their PBE payoff. 21 Similarly, we say that a consumer demands the good at τ if she prefers receiving the good at time τ at price p τ to receiving her PBE payoff. Finally, we say that rationing occurs along a price-quantity-rationing path (p q) t if there exists a time τ such that D τ ((p q) t ) > q τ > 0. 22 Note that in a full-delivery PBE in which D τ ((p q) t ) ≤ q τ , a consumer with nongeneric valuation who demands the good at τ must purchase at τ. 23 We show that every best full-delivery PBE in R involves no rationing by arguing that any full-delivery PBE involving rationing can be strictly improved upon by another fulldelivery PBE. The basic idea is that if rationing occurs at time t * , modifying the equilibrium by slightly increasing price at t * , such that quantity sold at t * remains constant, and using additional rationing to ensure that quantity sold in every other period does not increase, leads the timing of all sales to remain constant and therefore yields an increase in profits. However, the proof is complicated by the fact that, without first ruling out rationing, we cannot ensure that the price path is decreasing and cannot establish the usual skimming property that higher-valuation consumers purchase earlier. The heart of the proof involves showing that slightly increasing price at t * and using additional rationing to ensure that sales do not increase elsewhere cannot lead to a decrease in sales at some other time τ. If it did, then those consumers who used to purchase at τ must now purchase at some other time that is better for them than τ, as they still have the option of earning surplus by purchasing at τ. Additionally, the fact that they have this new opportunity means that some other higher-valuation consumers must also be purchasing at a different time. Since higher-valuation consumers must purchase at some point rather than never purchasing if lower-valuation consumers do so, following this "trail" of consumers who purchase at different times ultimately shows that every consumer (with generic valuation) who purchased before the price increase still purchases after the price increase. The details of the proof are deferred to Appendix A. Proposition 4. In R , no rationing occurs along a best full-delivery PBE price-quantityrationing path. 21 Throughout the paper, D(p) ≡ 1 − F(p) is the static demand at price p, while D τ ((p q) t ) is the time-τ demand in the dynamic model under price-rationing path (p q) t .
22 If q t = 0, it is irrelevant whether we consider the monopoly to be rationing at t or to be setting price equal to infinity. We do not refer to this case as rationing for technical convenience. 23 If D τ ((p q) t ) = q τ , this may fail for a measure-zero set of consumers who demand the good at τ but are unable to purchase at τ due to rationing. Since measure-zero sets of consumers are irrelevant for our analysis, we ignore this case in the discussion.
Equivalence of best full-delivery PBE in the model with and without rationing
We are finally ready to prove Corollary 1, which establishes a very close relationship between best full-delivery PBE in the relational contracting model with and without rationing. The intuition for Corollary 1 is simple: by Proposition 4, no rationing occurs on the equilibrium path in a best full-delivery PBE of R , and the worst possible off-path punishment (breaking off trade) does not require rationing, so a best full-delivery PBE of R can be no better than a best full-delivery PBE of . The details of the proof, which involves constructing a PBE in corresponding to a given price-quantity path in R and vice versa, is deferred to Appendix A. The constructed PBE have the same grim-trigger structure as the PBE described in the proof of Proposition 3 and in Section 6.1. Corollary 1 combined with Proposition 3 immediately yields part (ii) of Theorem 1.
Proposition 5 (Theorem 1(ii)). A best full-delivery PBE exists in .
6. Properties of best full-delivery equilibria
High profits and supermonopoly pricing
In this subsection, we use the facts about R and its relationship to established in Section 5 to prove parts (iii) and (iv) of Theorem 1. We first show that profits in a best full-delivery PBE in R (which exists, by Proposition 3) converge to the static monopoly profit as δ approaches 1, which is not difficult. Corollary 1 then implies that the same is true in . To see why payoffs in the best full-delivery PBE in R converge to static monopoly profits as δ approaches 1, let D(p) ≡ 1 − F(p)-the static demand at price p-and consider the following strategy profile, where γ is a constant in (0 (p m − c)/p m ).
1. The seller sets price-rationing-delivery path p t = p m , q t = γ(1 − γ) t D(p m ), and x t = 1 as long as she has conformed to this strategy in the past. Otherwise, she sets p t = v, q t = 1, and x t = 0 for all future periods. In particular, the seller sets x t = 0 in any period in which she has set p t = p m t .
A consumer with valuation v who
has not yet received the good accepts if and only if the seller has never deviated from her prescribed strategy and v ≥ p m .
That is, the seller keeps price fixed at the static monopoly price, p m , and sells to fraction γ of those consumers who demand the good each period, while consumers accept if and only if v ≥ p m and the seller has never deviated. It is clear that consumers' play is optimal, and that the seller can never benefit from setting a different value of p t or q t , so checking that this profile is an equilibrium reduces to checking that the seller prefers to deliver the good. The proof of Proposition 6 shows that the seller does, in fact, prefer to deliver the good if γ ≤ (δp m − c)/(δp m ), and if δ is close to 1, then this strategy profile yields approximately static monopoly profits, as the cost of delay involved in selling to only fraction γ of the consumers who demand the good each period is small. Therefore, profits in a best full-delivery PBE in R must approximate static monopoly profits for δ close to 1 as well.
Proposition 6 (Theorem 1(iii)). For both and R , for all ε > 0, there exists δ < 1 such that, for all δ > δ, there exists a full-delivery PBE under which the seller's payoff is within ε of the static monopoly payoff.
Proof. We prove the result for R below. Proposition 3 then implies that, for every δ > δ, there exists a best full-delivery PBE in R under which the seller's payoff is within ε of the static monopoly payoff. Corollary 1 in turn implies that the same is true in .
Recall that p m is the static monopoly price, so the static monopoly payoff is (p m − c)D(p m ). Suppose that p m > c, i.e., that positive profits are possible: the case where this fails is trivial.
Consider the strategy profile described above for γ some constant in (0 (p m − c)/ p m ). It is clear that each consumer's strategy is a best reply. Note also that q t = Q t for all t along the equilibrium path. To check only that this profile describes a PBE, we must check only that the seller has an incentive to deliver the good along the equilibrium path, since any other deviation yields continuation payoff zero against positive continuation payoff from conforming. This condition is ∞ τ=1 δ τ q t+τ (p t+τ − c) ≥ q t c for all t ≥ 0 For any t, this can be rewritten as
Rearranging this inequality gives
Thus, the strategy profile above is a PBE for any γ satisfying (1). Since p m > c, there exists γ > 0 such that the strategy profile above is a PBE for high enough δ, in particular for δ > c/p m . Suppose that δ > c/p m and fix any positive γ satisfying (1). Note that this strategy profile yields profit
for the seller. As δ approaches 1, this converges to D(p m )(p m − c), completing the proof.
The intuition for this result is that, for δ high enough (δ > c/p m ), the seller can credibly deliver the good to those consumers willing to pay the monopoly price at a fixed positive rate γ, and taking δ to 1 means that the loss from delay involved in this strategy is insignificant. Observe that, while the proof of Proposition 6 shows that, in R , there exists a single strategy profile that is a PBE for all sufficiently high δ and that yields profits converging to static monopoly profits as δ converges to 1, such a strategy profile need not exist in .
Note that the strategy profile described in the proof of Proposition 6, with p = p m , is not a best full-delivery PBE in R for fixed δ < 1. Indeed, there exist full-delivery PBE in R with constant-price paths (i.e., p t = p t for all t, t ) that yield higher profits. To see this, consider the strategy profile in the proof of Proposition 6 with p m replaced by some price p. Let
The argument in the proof of Proposition 6 that led to equation (1) shows that γ * (p) is the fastest rate at which the seller can sell in a full-delivery PBE in which price is fixed at p. This implies that the seller's profit in the best full-delivery PBE with a constant price path at p and a constant sales rate γ is
Note that the first term of (2) represents the cost of the delay in sales required to induce the seller to deliver, while the second term is simply the static profit at price p. Raising p above p m yields a first-order increase in the first term in (2) and a second-order decrease in the product of the second and third terms, so the seller does better to sell at price above p m . The intuition is similar to that of Section 4: raising price reduces quantity, which reduces the seller's temptation to fail to deliver, and, with durable goods, this allows the seller to sell at a faster rate. More specifically, the required delay in sales forces a seller who would receive p − c per unit sold under full commitment to receive only p − c/δ per unit sold, so, with a constant-price path, a seller with cost c can do no better than imitating the pricing of a static monopoly with cost c/δ. That is, (2) equals
from which it is clear that the best full-delivery, fixed-price PBE in which the seller sells at a constant rate is given by price p m (c/δ), the monopoly price when cost equals c/δ, and sales rate γ = γ * (p m (c/δ)). In fact, it is not hard to show that this is the best fulldelivery, fixed-price PBE overall: all that remains to show this is to establish that selling at the constant rate γ * (p) is optimal given that prices are fixed at any given p, which follows from a standard dynamic programming argument. 24 Proof. Given the first part of the result, the second part follows immediately from Corollary 1. Suppose p t = p for all t. Let Q be the static demand for price p. The problem of finding the best full-delivery PBE with a constant price p in R reduces to finding the best number of consumers to sell to in every period while maintaining the seller's incentive to deliver the good; i.e., to solving the functional equation
Corollary 2. If v > c/δ, the best full-delivery, constant-price PBE in
Standard dynamic programming results imply that there is at most one solution to this equation with a nontrivial set satisfying the constraints. Conjecture that V (Q) = ((δp − c)/δ)Q. The right-hand side of (3) then becomes
where the constraint set is nontrivial if p > c/δ. Therefore, (p − c/δ)Q is the highest profit attainable by a price path fixed at p > c/δ when there are Q remaining consumers with valuations greater than p, and 0 is the highest such profit if p ≤ c/δ (as the solution to (3) must be nonincreasing in p). Setting Q = D(p) and maximizing over p completes the proof.
Finally, we note that (nonconstant-price) full-delivery PBE of R exist that yield profits strictly above static monopoly profits with cost equal to c/δ if v > c/δ. For example, consider modifying the best full-delivery, constant-price path by increasing p 0 from p m (c/δ) to p m (c/δ) + ε for ε small. We claim that for small ε, q 0 consumers will still pay p 0 . This follows because a consumer with valuation v demands the good at time 0 and price
This holds for all consumers with v > p m (c/δ) in the limit as ε goes to 0, and q 0 = ((δp m (c/δ) − c)/(δp m (c/δ)))D(p m (c/δ)), which is strictly less than 1 − F(p m (c/δ)). In addition, there exists ε > 0 such that more than q 0 consumers demand the good at 24 Corollary 2 applies only to the case v > c/δ. Proposition 9 shows that if v ≤ c/δ, there is no full-delivery PBE in or R in which the seller ever delivers the good or receives positive payments. time 0 when p 0 = p m (c/δ) + ε. And the continuation path of play from t = 1 onward is the same under the modified strategy profile as under the best constant-price PBE, so the modified profile yields strictly higher profits overall. This yields part (iv) of Theorem 1.
Proposition 7 (Theorem 1(iv)). If v > c/δ, there exists a full-delivery PBE of R (when cost equals c) yielding profits strictly greater than static monopoly profits when cost equals c/δ. By Corollary 1, the same is true of full-delivery PBE of .
Before leaving this subsection, note that Corollary 2 suggests that the best fulldelivery PBE of the relational contracting model may involve pricing above the static monopoly level. We demonstrate this here in a simple, two-type example. 25 Example 1. Suppose that half the consumers have valuation 2 36, while the other half have valuation 2 12. Let c = 38 and δ = 4. Note that the static monopoly price is 2 12, as this yields profit 1 74, while setting price equal to 2 36 yields profit 99. In the dynamic model, the discussion preceding Corollary 2 implies that the best full-delivery PBE with price fixed at 2 36 yields profit (2 36 − 38 4 ) 5 = 71, while the best PBE with price fixed at 2 12 yields profit (2 12 − 38 4 )1 = 1 17. Alternatively, one can check that setting p 0 = 2 26 and p t = 2 12 for all t ≥ 1, and selling to all high-valuation consumers in period zero and then selling to the low-valuation consumers at the fastest possible rate yields profit (2 26 − 38) 5 + 4(2 12 − 38 4 ) 5 = 1 174. Furthermore, this is a PBE price-quantity path, as high-valuation consumers receive 2 36 − 2 26 = 1 from purchasing in period zero and at most 4(2 36 − 2 12) = 096 from purchasing at a later date, while the seller gains 4(2 12 − 38 4 ) 5 = 234 from delivering the good at time zero and gains 38 * 5 = 19 from failing to deliver. 26 Since this full-delivery PBE yields higher profit than the best PBE that fixes price at the monopoly price of 2 12, which is clearly the best PBE in which all prices are weakly below the monopoly price, the best full-delivery PBE in this example must have p t > p m for some time t. ♦
Declining prices
Finally, we establish three additional important properties of best full-delivery PBE of and R , which hold for any fixed discount factor (parts (v)-(vii) of Theorem 1). We first use the possibility of rationing to ensure that best full-delivery PBE involve strictly decreasing price paths and positive sales each period. The idea is that delaying sales is wasteful and rationing can be used to ensure that speeding up sales does not violate the seller's incentive compatibility constraint, which might otherwise be a concern.
25 This example does not exactly fit our model, as we have assumed a continuous distribution of valuations. However, the example can be slightly perturbed to yield a distribution that satisfies our assumptions, and noting that every best full-delivery PBE price path is decreasing (by Proposition 8), we conjecture that the best full-delivery PBE in the perturbed example will have p 0 > p m . 26 Corresponding off-path play may be taken to be as in the strategy profile in the proof of Proposition 6, for example.
Proposition 8 (Theorem 1(v) ). If v > c/δ, any best full-delivery PBE of or R has a strictly decreasing price path and strictly positive sales each period.
Proof. We prove the result for R , whence the result for follows by Corollary 1. If v > c/δ, full-delivery PBE exist in which the seller makes positive profits (by Proposition 7), so any best full-delivery PBE of R yields positive profits. 27 Suppose that (p q) t is such a best full-delivery PBE price path (which exists by Proposition 3). By Proposition 4, D τ ((p q) t ) ≤ q τ for all τ, so Q τ = D τ ((p q) t ) for all τ. Suppose that there exists some time τ such that D τ ((p q) t ) = 0. Let t * be the first such time. If t * = 0, then define a new path by letting p t = p t+1 and q t = q t+1 , i.e., shifting the original price-rationing path forward one period, which implies that Q t = Q t+1 , so profits under the new path are 1/δ times profits under the original path, contradicting the optimally of the original path. If t * > 0, let v t * −1 be the lowest valuation such that a consumer with valuation v t * −1 demands the good at t * − 1, which is well defined because a positive measure of consumers demand the good at t * − 1, by definition of t * . We first claim that v t * −1 > p t * −1 . To see this, first note that a consumer with valuation v t * −1 can demand the good at t * − 1 only if v t * −1 ≥ p t * −1 . If v t * −1 = p t * −1 , then it must be true that p τ = p t * −1 for all τ > t * − 1, since the price path is weakly decreasing by assumption, and if the price ever falls strictly below p t * −1 , then all consumers with valuations sufficiently close to p t * −1 prefer to wait until this time to purchase and all but at most a set of measure 0 of these consumers have the option of doing so since D τ ((p q) t ) ≤ q τ for all τ. The fact that D τ ((p q) t ) ≤ q τ for all τ then implies that Q τ = 0 for all τ > t * − 1, as all consumers prefer to purchase at t * − 1 than at any later time. Therefore, continuation profits from time t * − 1 onward equal 0, which implies that the seller does not deliver at t * − 1. This in turn implies that no consumers pay at t * − 1, so that continuation profits from time t * − 2 onward equal 0 as well. By induction, continuation profits from time 0 onward are 0, contradicting the fact that any best full-delivery PBE yields positive profits if v > c/δ. Now consider modifying (p q) t by changing p t * to (p t * −1 − (1 − δ)v t * −1 )/δ. Since v t * −1 > p t * −1 , we have p t * < p t * −1 , and it is easy to check that all consumers with valuation weakly greater than v t * −1 continue to demand the good at t * − 1. By the skimming property (which is easily seen to hold due to declining prices and no rationing), the seller can sell a positive quantity at date t * + τ only if p t * +τ < (p t * −1 − (1 − δ τ+1 )v t * −1 )/δ τ+1 , so the seller strictly prefers selling to some mass of consumers at t * at the new price to selling to them at any point in the future. Next observe that under the new price there is strictly positive demand at t * , since at the new price a consumer with valuation v t * −1 strictly prefers to purchase at t * − 1 than to purchase at any other time except t * , and is indifferent between purchasing at t * − 1 and purchasing at t * , so a consumer with valuation slightly below v t * −1 strictly prefers purchasing at t * to purchasing at any other time. Furthermore, the total sales at all future dates to consumers who do not buy at t * is left unchanged, so total profits are strictly higher under the new path. Finally, the potential complication that the seller's incentive compatibility constraint may be violated at t * can be addressed by rationing at t * , since the necessity of positive continuation profits from t * on implies that the seller can credibly sell a strictly positive quantity at t * . So the modified path (possibly with rationing at t * ) strictly improves on the original path, contradicting the assumption that D τ ((p q) t ) = 0 for some τ.
We have shown that every best full-delivery PBE induces strictly positive sales at every date. Since every best full-delivery PBE involves no rationing, this is possible only if every best full-delivery PBE has a strictly declining price path.
We are now ready to complete the proof of Theorem 1 by proving parts (vi) and (vii), which show that every best full-delivery PBE of (or R ) has an equilibrium price path (p) t that asymptotes to a price at least as high as max{v c/δ} as t goes to infinity. The intuition is that a best full-delivery PBE has a declining price path by Proposition 8, there is no reason to price below v, and prices must be at least c/δ in any full-delivery PBE with a declining price path in which the seller ever delivers, in analogy with Proposition 1. The following lemma formalizes the last part of this intuition.
Lemma 6. In any full-delivery PBE of or R with price-quantity path (p q) t in which p t ≥ p t+1 for all t and a strictly positive quantity of the good is delivered along the equilibrium path, p t > c/δ for all t.
Proof. Consider R first. Suppose that Q consumers have not yet received the good at time t * . We first note that the seller's continuation profit from time t * onward is bounded from above by her continuation profit from time t * onward in a best full-delivery PBE of the modified continuation game where she is constrained to price weakly below p t * and all remaining consumers' valuations are set to p t * . This follows because in the modified game, the seller can set the original continuation price path (p) t≥t * and use rationing to sell according to the original price-quantity path.
The seller's continuation value at t * in a full-delivery PBE of the modified game is therefore bounded from above by the solution to equation (3) with p = p t * . As shown in the proof of Corollary 2, equation (3) has a solution with V (Q) > 0 if and only if δp t * > c. So if p t * ≤ c/δ, the seller's continuation value at t * equals 0 in any full-delivery PBE in the modified game and, therefore, equals 0 in any full-delivery PBE of the unmodified game as well. This implies the seller delivers 0 units of the good at time t * , which then implies that no buyers pay anything to the seller at time t * , so the seller's continuation value at t * − 1 equals 0 as well. By induction, the seller's continuation value equals 0 at all periods, and the seller never delivers a positive quantity of the good.
By Proposition 3 and Corollary 1, the above argument shows that in any full-delivery PBE of with a declining price, the seller's continuation value starting from any t * satisfying p t * ≤ c/δ is 0. As above, this implies that the seller never delivers any positive quantity of the good. Proof. If v > c/δ, the price path of any best full-delivery PBE of or R is declining, by Proposition 8, and any full-delivery PBE with a declining price path has p t > c/δ for all t, by Lemma 6. Finally, modifying any declining price path in R by replacing all p t < v with v and using rationing to ensure delivery yields a strict increase in profits if p t < v for any t (as sales occur in every period in a best full-delivery PBE, by Proposition 8), so the result for v > c/δ holds for R . Corollary 1 then implies that it also holds for .
Suppose that v ≤ c/δ and that mass Q consumers have not yet received the good at some time t in or R . If the seller delivers q units of the good at time t, she cannot receive total payments of more than vq and must of course be willing to deliver the q units. Therefore, her continuation payoff from time t onward is bounded from above by the solution to equation (3) with p = v. As we have seen, the only solution to equation (3) when v ≤ c/δ is V (Q) = 0 for all Q. So no PBE in or R yields positive profits if v ≤ c/δ, which, as in the proof of Lemma 6, implies that no PBE involves delivery or positive payments.
An extension: Exogenous chance of nondelivery
Our analysis is based on the assumption that the seller has the option of failing to deliver the good after receiving payment. We have argued that the presence of equilibria that yield high profits for the seller under this assumption suggests that sellers may try to avoid committing themselves to delivering the good. However, in some environments sellers may be automatically committed to delivery; for example, taking payment for a good and then failing to provide it may be viewed by courts as breaching an implicit contract, particularly if the seller has always provided the good to paying customers in the past (as is the case in full-delivery PBE). In this section, we show that our model can easily be extended to an environment in which this concern that the seller may be involuntarily committed to delivery does not apply. In particular, we assume that in every period there is an exogenous, independent probability η > 0 that the seller privately learns that she is unable to deliver the good after receiving payment. 28 For example, the seller may require certain specialized inputs to produce the final good, and these inputs may not always be available (and consumers and courts may be unable to observe whether the inputs are available). In this model, the seller periodically fails to deliver the good even if she wishes to deliver in every period, and since courts cannot tell whether failure to deliver results from lack of inputs or opportunistic behavior by the seller, there is no possibility that the seller can be involuntarily committed to trying to deliver the good in every period.
The equilibria we have constructed for both the nondurable-and durable-goods models can easily be adapted to this environment by specifying that no purchases or delivery occur after any nondelivery by the seller (so that trade eventually breaks down on the equilibrium path) and that prior to the breakdown of trade, consumers take into account that they receive the good only with probability 1 − η even if they pay (since consumers are risk-neutral, this implies that the mass of consumers who wish to purchase at price p is now D (p/(1 − η) ) rather than D(p)). That is, our results are continuous in η. Rather than formally stating this rather natural finding, we instead focus on characterizing the best full-delivery, constant-price PBE in R , in analogy to Corollary 2, which provides an intuitive lower bound on the best full-delivery PBE profit in both and R . It turns out that the analysis of Section 6.1 carries through with the sole modification that D(p) is replaced by D(p/(1 − η)): the intuition for this result is that, in the best full-delivery PBE, the seller is indifferent between delivering the good and breaking off trade, so she is not made worse off by the possibility that trade may break off exogenously (except insofar as this causes consumers with valuations v ∈ [p p/(1 − η)] to reject her price offer). Finally, we remark that our original definition of a full-delivery PBE does not allow for the possibility that trade breaks down in equilibrium, which leads us to use the following, somewhat ad hoc, definition in the statement of the result.
Definition 3. A modified full-delivery PBE is a PBE in which the seller sets x t = 1 at all on-path histories at which Q t > 0 and sets x t = 0 at all on-path histories at which Q t = 0.
Our earlier results pertaining to full-delivery PBE (in particular, Corollary 1) also apply to modified full-delivery PBE.
Proposition 10. If v > c/δ, the best modified full-delivery, constant-price PBE in
Proof. A consumer who demands the good at price p receives it with probability at most 1 − η, so at most D(p/(1 − η)) consumers ever purchase in a full-delivery PBE with constant price p. The argument in the proof of Corollary 2 shows that if the seller faces this demand curve and can freely choose what quantity to deliver in every period, her best (modified) full-delivery PBE profit with constant price p equals
is an upper bound on the seller's best modified full-delivery, constant-price PBE profit when, in each period, she may be unable to deliver the good with probability η.
We claim that the following strategy profile attains this upper bound: the seller sets (p t q t ) as in the statement of the proposition, sets x t = 1 until the first time that delivery is impossible, and subsequently sets x t = 0; a consumer with valuation v demands the good if and only if v ≥ p/(1 − η) and the seller has always set p t = p * (η) and delivered the good in the past. The only nontrivial part of verifying that this profile is a PBE is checking that it is optimal for the seller to deliver the good when prescribed. Nondelivery leads to continuation payoff 0 and in every period prior to the first nondelivery, the seller fails to deliver with probability η. Therefore, the condition that it is optimal for the seller to deliver the good when prescribed at time t is
Substituting in the specified (p t q t ) yields
This can be rewritten as
exactly as in (1), which holds by definition of γ * (p * (η)). This verifies that the above strategy profile is a modified full-delivery, constant-price PBE, and it is straightforward to check that it yields expected profit (p
Thus, Proposition 10 shows that the lower bound on optimal monopoly profits derived in Section 6.1 extends naturally to environments with an exogenous change of nondelivery, where it may be more realistic to view the seller as having the option of nondelivery.
Conclusion
The main insight of this paper is that the optimal pricing strategy of a dynamic monopoly may be very different from that in traditional models when the relationship between the seller and consumers is regulated by relational incentives. Unlike in Hart and Tirole (1988) , a nondurable-goods monopoly in our model can earn high profits even if consumers are nonanonymous, provided the discount factor is sufficiently high. Unlike in Coase (1972) , a durable-goods monopoly can earn approximately static monopoly profits in the limit as the discount factor approaches 1, even if the lowest consumer valuation is above the marginal cost of production. A durable-goods monopoly can also earn high profits when the discount factor is bounded away form one.
While our model has many equilibria, restricting attention to the best equilibria for the seller brings out some novel economic intuitions and empirical predictions. First, for both nondurable-and durable-goods monopolies, the temptation to fail to deliver provides an incentive for pricing above the static monopoly level. 29 The intuition is the same in both cases: The larger the quantity of the good a monopoly is supposed to deliver, the greater is its incentive to renege. So the monopoly benefits from restricting quantity, and the most profitable way for it to restrict quantity is to raise price. Second, in the durable-goods case, the monopoly has an incentive to gradually cut prices over time, using high prices rather than rationing to restrict sales early on. These new effects have potentially interesting applications for regulation. In traditional models, observing a monopoly cutting its price is a sign that consumers are doing better than they would be if the monopoly had full commitment power, since they are paying lower prices and (if the discount factor is high) are not facing costly delays in purchasing. In our model, however, consumers may be better off when the monopoly has full commitment power for two reasons: they may face lower prices (since without commitment, the monopoly may price above the static monopoly price) and they may receive the good significantly faster. This also points to an important empirical prediction of our model: in contrast to the standard full-commitment and no-commitment models of durablegoods monopoly, our model predicts that a monopoly will cut prices over time, but will do so slowly enough that the costs from delay are significant.
We also introduce two methodological innovations. First, we use an augmented model with rationing to help analyze the durable-goods seller problem. This greatly simplifies the analysis by allowing us to construct simple equilibria with flat price paths in the model with rationing, and then use the relationship between the model with and without rationing to draw conclusions about best full-delivery equilibria in the model without rationing. Second, and more generally, we use relational incentives to replace the temptation to deviate at the contract offer stage (price offers in our model) with the temptation to deviate at the contract execution stage (delivery of the good in our model), which may have applications to other areas where studying dynamics in the presence of adverse selection has proved difficult. For example, recall that in our model of nondurable goods and nonanonymous consumers, the dynamic enforcement constraint that the seller delivers the good replaced the ratchet effect in price-setting. Perhaps further insights may be gained from applying this idea to dynamic principal-agent problems with adverse selection, where characterizing dynamics in models with no commitment is difficult due to the ratchet effect (see, e.g., Laffont and Tirole 1988) .
Appendix A: Omitted proofs
Proof of Proposition 1. We first observe that the problem of finding the best PBE for the seller is equivalent to finding the best PBE for the seller when she can fully commit to her sequence of prices ({p t n } n ) t . To see this, note that we can specify off-path beliefs for buyers such that each buyer expects the seller to never deliver the good following any deviation in price-setting by the seller. Given these beliefs, no buyer will ever accept a strictly positive price in any period following a deviation in price-setting by the seller, so the seller always receives continuation payoff zero, equal to her minmax payoff, after any such deviation.
Using this observation and applying the revelation principle to each period, we can write the problem in a standard mechanism design notation, writing T for transfers:
Note that the third constraint is the seller's incentive compatibility (IC) constraint, which we also refer to as the dynamic enforcement (DE) constraint. Substituting for T t (v) using the (IR) and (IC) constraints in the usual way, and temporarily ignoring the resulting monotonicity constraint lets us rewrite the problem as
Let {x * t (v)} t be a solution to this problem. Note that, for all t, x * t (v) must solve
since the solution to this program maximizes both the original objective and the lefthand side of each original constraint over all x t (·) that satisfy the original time t constraint. This implies that, for all t, t , if
We claim that x t (v) = x * (v) for all t and v in any solution to this problem. Clearly, the profit corresponding to this allocation is an upper bound on the profit in any solution. Furthermore,
where the first equality is by the definition of x * (v), the second inequality is immediate, the third inequality follows because {x * t (v)} t satisfies the (DE) constraint for all t, and the fourth equality follows because x * t (v) ≥ x * t (v) if and only if x * t (v ) ≥ x * t (v ) for any t, t , v, and v , so the sup may be moved inside the integral. The above chain of inequalities implies that repeating x * (v) satisfies the seller's incentive compatibility constraint. Finally, if there exists t such that x * t (v) = x * (v), then the allocation {x * t (v)} t yields strictly lower profit than repeating x * (v) in period t and yields weakly lower profit in all other periods, so every solution to the original problem has the same allocation rule in every period.
We have shown that the optimal allocation rule is stationary, so the problem becomes
The (DE) constraint may be rewritten as
If the constraint is slack, we have standard monopoly pricing. If the constraint is binding, noting that our assumptions on F(v) imply that x(v) continues to take a cutoff form whereby
Additionally, complementary slackness implies that the constraint is binding if and only if p m ≤ c/δ. Finally, note that in any case these solutions satisfy the monotonicity constraint.
If v < c/δ, then v * > v, so x(v) = 0 for all v, which implies that the seller never delivers the good or receives positive payments in any optimal PBE. Since the seller's minmax payoff is zero, every PBE is optimal if v < c/δ, which proves the result in the v < c/δ case.
Proof of Proposition 2. The proof is similar to the proof of Proposition 3, so we omit some details. Let F be the set of PBE price-quantity-delivery paths (p Q x) t satisfying p t ∈ [v v] for all t. If a PBE is optimal in the set of PBE with price-demand-delivery paths in F , then it is optimal overall. Furthermore, it is clear that the seller's PBE payoff is continuous in price-quantity-delivery paths (p Q x) t in the product topology.
Next, we note that the continuation value of a consumer with valuation v facing price-quantity-delivery path (p Q x) t at time t is continuous in (p Q x) t in the product topology. 30 To see this, observe that the maximum gain in continuation value over an ε ball about (p Q x) t ∈ F is no more than (1 + v)ε/(1 − δ), corresponding to receiving the good, valued at v, with additional probability ε in each period, and paying ε less in each period. This converges to 0 as ε does.
We now show that F is compact in the product topology. Observe that
which is compact by Tychonoff's Theorem. Therefore, it suffices to show that F is closed in the product topology. To see that it is, consider a sequence of paths {(p Q x) t } n ∈ F converging pointwise to (p * Q * x * ) t . We must show that there exists a PBE with price-demand-delivery path (p * Q * x * ) t . Consider the following strategy profile.
1. The seller sets price-delivery path (p * x * ) t as long as she has conformed to this strategy in the past. Otherwise, she sets p t = v and x t = 0 for all future periods. In particular, the seller sets x t = 0 in any period in which she has set p t = p * t .
We first claim that V v * = V v * . To see this, suppose that there exists a consumer with valuation v * who purchases at time τ v * under σ and purchases at time
, so that the consumer receives a higher payoff under σ. This is possible only if the consumer is unable to purchase at time τ v * under σ , which in turn is possible only if strictly more than q τ v * consumers accept price p τ v * at time τ v * under σ . Since the consumer is able to purchase at time τ v * under σ, which is possible only if no more than q τ v * consumers accept price p τ v * at time τ v * under σ, this implies that there is a positive measure μ of consumers with valuations greater than v * who purchase at τ v * under σ but not under σ. By Lemma 1, this implies that there exists a consumer with valuation v > v * and v generic with respect to (p) t who purchases at different times under σ and σ , which contradicts the fact that v * = sup{v : v ∈ V}. This implies that V v * = V v * , which also implies that v * / ∈ V, because if V v * = V v * , then either every consumer with valuation v * purchases at the same time under σ and σ or v * is nongeneric with respect to (p) t .
If V v * = V v * = 0, then there is no time t at which v * > p t and a consumer with valuation v * is able to purchase under either σ or σ . This implies that there is no time t at which v ≥ p t and a consumer with valuation v is able to purchase under either σ or σ , for any v ∈ V, because v < v * for all v ∈ V and a consumer with a lower valuation is able to purchase at a weakly smaller set of times. Therefore, a consumer with valuation v never purchases under either σ or σ , for all v ∈ V, which implies that V is empty, a contradiction.
If V v * = V v * > 0, then for any η ∈ (0 V v * ) there exist at most finitely many times t such that there exists v ∈ [v v] such that δ t (v − p t ) ≥ V v * − η and q t >Q t , whereQ t is the measure of consumers who purchase at time t under σ and have valuations greater than v * (as p t ≥ 0 for all t); call the set of such times T . Let ε t ≡ q t −Q t and let ε ≡ min{ε t : t ∈ T }/2 > 0. Since every consumer with generic valuation greater than v * purchases at the same time under σ and σ , by definition of V, and the set of consumers with nongeneric valuations is of measure 0, by Lemma 1, the measure of consumers with valuations greater than v * − ε who purchase at any t under σ is less thanQ t + ε. By definition of ε, this implies that the measure of consumers with valuations greater than v * − ε who purchase at any t ∈ T under σ is less than q t . So any consumer with valuation v > v * − ε can purchase at any time t with δ t (v − p t ) ≥ V v * − η under σ at which she can purchase under σ. By the same argument, there exists ε > 0 such that a consumer with valuation v > v * − ε can purchase at any time t with δ t (v − p t ) ≥ V v * − η under σ at which she can purchase under σ . Therefore, letting ε ≡ min{ε ε }, we see that a consumer with valuation v > v * − ε can purchase at the same set of times t with δ t (v − p t ) ≥ V v * − η under σ and σ . Furthermore, a consumer with valuation close enough to v * can purchase at any time at which a consumer with valuation v * can purchase (by our specification of rationing), so there exists ε * such that a consumer with valuation v > v * − ε * receives a payoff of at least V v * − η under both σ and σ . Finally, by definition of v * , there exists v ∈ V such that v > v * − min{ε ε * }. A consumer with valuation v receives a payoff of at least V v * − η under both σ and σ , which implies that he purchases at a time t with δ t (v − p t ) ≥ V v * − η under both σ and σ . The set of such times at which the consumer can purchase is the same under σ and σ . Since v is generic with respect to (p) t , the consumer has a strict preference ordering over purchase times, which implies that he purchases at the same time under σ and σ , which contradicts the assumption that v ∈ V.
Proof of Lemma 5. Consider the problem of maximizing Q t over price-rationing paths (p q ) t in an ε ball about (p q) t . As ε → 0, the measure of consumers who have different preference orderings over purchase times (i.e., over the {δ t (v − p t )} t ) under (p q ) t and (p q) t converges to 0. Furthermore, the maximum difference between Q τ and a Q τ corresponding to (p q ) t in an ε ball about (p q) t (holding (p) t fixed) is no more than ∞ t=0 max{ε Q t }, the maximum measure of consumers whose purchasing times can be affected by decreasing q t by ε for all t and holding other consumers' purchasing times fixed; this follows because if rationing prevents measure μ consumers from purchasing at some time t, each of these consumers cannot alter his play in a way that leads more than one total consumer to purchase at time τ (i.e., he can purchase at time τ himself or he can displace one other consumer through rationing at some other time). 31 Thus, the maximum variation in Q t over an ε ball about (p q) t converges to lim ε→0 ∞ t=0 max{ε Q t } as ε → 0, so the following technical lemma completes the proof. Let N ε ≡ #{t : Q t > ε} to simplify notation. Assume, toward a contradiction, that the lemma is false, i.e., that there exists δ > 0 such that for all ε > 0 there exists ε < ε satisfying εN ε > δ. Fix such a δ > 0 and let ε 0 > 0 satisfy ε 0 N 0 > δ. Now for all n ≥ 1, let ε n = ε n−1 /2 n and let ε n be a strictly positive number strictly less than ε n satisfying ε n N ε n > δ. Note that ε n /ε n−1 < 1/2 n . Observe that, for any n, N ε n < 1/ε n , for otherwise the total quantity of sales made in the N ε n periods in which Q t > ε n would exceed 1. Since N ε n < 1/ε n and ε n+1 N ε n+1 > δ, we have that N ε n+1 − N ε n > δ/ε n+1 − 1/ε n . Now N ε n+1 − N ε n is the number of periods in which Q t is between ε n+1 and ε n , so total sales made in all periods is at least We next check that each consumer's play is optimal. It is again obvious that his offpath play is optimal, as paying is costly and yields no benefit when the seller sets q t = 0. That his on-path play is optimal follows from the fact that the seller's strategy is full delivery. So σ is a full-delivery PBE of .
The above argument shows that if a price-quantity path (p Q) t is a best full-delivery PBE price-quantity path in R , then it is also a best full-delivery PBE price-quantity path in . For the converse, suppose that (p * Q * ) t is a full-delivery PBE price-quantity path in . Consider the following strategy profile in R :
1. The seller sets price path (p * ) t , and q t = 1 and x t = 1, as long as she has conformed to this strategy in the past. Otherwise, she sets p t = v, q t = 1, and x t = 0 for all future periods. In particular, the seller sets x t = 0 in any period in which she has set p t = p * t .
2. A consumer with valuation v who has not yet received the good at τ pays at τ if and only if the seller has never deviated from her prescribed strategy and τ ∈ arg max t δ t (v − p * t ).
It is easy to check that this is a PBE in R . Furthermore, since no other players condition play on an individual consumer's actions, a consumer with generic valuation v purchases at time τ under this strategy profile if and only if a consumer with this valuation purchases at τ in any full-delivery PBE in with price-quantity path (p * Q * ) t . This implies that the mass of consumers who purchase at each period under this profile is the same as the mass of consumers who purchase at each period in any full-delivery PBE in with price-quantity path (p * Q * ) t , which then implies that the seller's profit under this strategy profile is the same as under any full-delivery PBE in with price-quantity path (p * Q * ) t . This completes the proof.
Appendix B: Non-full-delivery equilibria
This appendix considers non-full-delivery PBE of the relational contracting model of Section 5. We conjecture that optimal PBE of are not fully-delivery PBE, although the difference in payoff between an optimal PBE and a best full-delivery PBE must converge to 0 as δ converges to 1, as argued in the text. This is because setting x < 1 allows the seller to sell to some lower-valuation consumers before higher-valuation consumers. This may be useful for the seller, as selling to low-valuation consumers before highvaluation consumers may be a way to increase continuation payoffs without increasing quantity sold today, allowing the seller to sell more quickly.
While a complete analysis of optimal (non-full-delivery) PBE is outside the scope of this paper, we show here that analogues of parts (iii) and (iv) of Theorem 1 for non-fulldelivery PBE can be established without reference to the model with rationing. We view these results as complementary to those in the text, because full-delivery PBE are of particular interest for reasons discussed in the text. The results in this appendix do not establish the existence of full-delivery equilibria that yield profits close to static monopoly profits; we do not know how to establish this result without using the connection to the model with rationing developed in Section 5.
Intuitively, we can prove analogues of parts (iii) and (iv) of Theorem 1 directly for non-full-delivery PBE because we can use nondelivery to substitute for rationing. That is, instead of using rationing to ensure that only fraction γ of those consumers who demand the good at price p t at time t are allowed to purchase at t, the seller can charge γp t to each of these consumers in exchange for delivering the good to each of them with probability γ. With this idea in hand, the proof of parts (iii) and (iv) of Theorem 1 follows easily from the proof of Proposition 6 in Section 6. Proposition 11. There exists a strategy profile in that is a non-full-delivery PBE for high enough δ under which the seller's payoff converges to her static monopoly payoff as δ → 1.
Proof. Consider the following strategy profile:
1. The seller sets p t = γp m and x t = γ for all t and for γ an arbitrary positive constant less than 1, as long as she has conformed to this strategy in the past. Otherwise, she sets p t = v and x t = 0 for all future periods, and, in particular, sets x t = 0 in any period in which she has set p t = γp m .
A consumer with valuation v who has not yet received the good pays if and only if
v ≥ p m , and the seller has never deviated from her prescribed strategy.
At any period t along the equilibrium path, a consumer with valuation v < p m has continuation value 0, while a consumer with valuation v ≥ p m who has not yet received the good has continuation value (δγ/(1 − δ(1 − γ)))(v − p m ) < (γ/(1 − δ(1 − γ))) × (v − p m ), so every consumer's play is optimal by the one-shot deviation principle. It is clear that the seller's off-path play and on-path price setting are optimal. It remains only to check that the seller has an incentive to deliver the good along the equilibrium path. This condition is For the analogue of part (iv) of Theorem 1 for non-full-delivery PBE, we argue as in the discussion following Proposition 6. Consider the strategy profile where the seller fixes the price of a γ chance of receiving the good at some given γp. Recall that
By the same argument that led to (1), γ * (p) is the greatest probability of receiving the good that the seller can credibly offer at price γ * (p)p in a PBE with fixed price and delivery probability. The best PBE profit for the seller with a constant price path at γp and a constant sales rate γ is, therefore,
which can be rewritten as
Therefore, if the seller sets p t = γp m (c/δ) and x t = γ * (p m (c/δ)) = (δp m (c/δ) − c)/ (δp m (c/δ)) for all t on the equilibrium path, and off-path play is given as in the strategy profile in the proof of Proposition 11, the seller's profit is equal to the static monopoly profit when cost equals c/δ. Finally, the seller can achieve a strictly higher payoff than this by slightly raising price and delivery probability early on while keeping quantity delivered constant in every period, in analogy with the discussion preceding Proposition 7.
